Anthropogenic nutrient enrichment and physical characteristics result in low dissolved oxygen concentrations (hypoxia) in estuaries and semienclosed seas throughout the world. Published research indicates that within and near oxygen-depleted waters, finfish and mobile macroinvertebrates experience negative effects that range from mortality to altered trophic interactions. Chronic exposure to hypoxia and fluctuating oxygen concentrations impair reproduction, immune responses, and growth. We present an analysis of hypoxia, nitrogen loadings, and fisheries landings in 30 estuaries and semienclosed seas worldwide. Our results suggest that hypoxia does not typically reduce systemwide fisheries landings below what would be predicted from nitrogen loadings, except where raw sewage is released or particularly sensitive species lose critical habitat. A number of compensatory mechanisms limit the translation of local-scale effects of hypoxia to the scale of the whole system. Hypoxia is, however, a serious environmental challenge that should be considered in fisheries management strategies and be a direct target of environmental restoration. 
INTRODUCTION
Low dissolved oxygen (DO) affects a wide variety of aquatic systems, ranging from the vast oxygen minimum zones of the world's oceans (Helly & Levin 2004) to small ponds measuring less than a hectare in size. Low DO concentrations (hypoxia) result from a complex mix of hydrology, basin morphometry, nutrient supplies, and food web dynamics that vary among water bodies and within interconnected waterways. A feature common to all affected systems, however, is that hypoxia influences the quantity and quality of habitat available to organisms dependent on aerobic respiration, and significantly impacts physiological processes in organisms that utilize oxygendepleted waters. The ultimate consequences of low DO concentrations include not only direct effects, but also a host of indirect effects mediated through changes in organism abundances, distributions, trophic interactions, and fisheries.
Descriptions of coastal waters in both the popular and technical press evoke contrasting images of massive dead zones and productive fisheries in systems affected by hypoxia. These contrasts emerge from the juxtaposition of nutrient enrichment, habitat degradation, and high population densities in the coastal zones of the world's waters. Nitrogen (N) enrichment generally increases biological production (Nixon & Buckley 2002) , whereas hypoxia reduces biomass and habitat quality and quantity (Caddy 1993 , Diaz 2001 , Rabalais & Turner 2001 . The effects of nitrogen enrichment and hypoxia on food webs and fisheries may therefore be strongly influenced by the extent to which these two factors co-occur. The perceived effects of nutrient enrichment and hypoxia also depend on the spatial scales of interest, which range from local, sometimes severely affected water masses to entire fisheries ecosystems (Figure 1) . The relevant spatial scales are, in turn, dependent on a range of factors such as jurisdictional boundaries, the specificity of habitat requirements of species or life stages of interest, and the degree of dependence of local economies and communities on particular fishing grounds (Breitburg et al. 2008) .
Our review and synthesis focuses on effects of hypoxia on finfish and mobile macroinvertebrates in estuaries, semienclosed seas, and similar water bodies. It is in these aquatic systems that multiple stressors resulting from human activities most clearly and strongly coincide, directly and indirectly affecting all levels of aquatic food webs. More than 400 of these systems worldwide have reported hypoxia in recent years (Diaz & Rosenberg 2008) . We focus on mobile species because their potential ability to avoid low DO concentrations makes understanding and predicting effects of hypoxia on their populations and fisheries more difficult than for sessile species with no avoidance recourse postsettlement.
In addition to reviewing published studies, with an emphasis on recently published research, we present a new analysis of data from 30 estuaries and semienclosed and coastal seas worldwide to examine the relationship between nutrient loadings and hypoxia, and the relationship between both of these stressors and fisheries. We first discuss the causes and correlates of hypoxia and its effect on organisms at the local scale, i.e., within or in close proximity to the location that hypoxia actually occurs in affected systems. We then turn more directly to the relationship between hypoxia and fisheries, especially at the larger whole-system scale. The relationship between hypoxia and fisheries is particularly important because these stressors potentially interact (Breitburg et al., 2008) , and because correct identification of the consequences of human activities is required for the development of appropriate management strategies. Finally we discuss issues that influence the translation of effects across spatial scales and cases in which hypoxia may be particularly important. Our literature review emphasizes recent publications: There has been an explosion of new research on the occurrence and effects of hypoxia as well as several reviews during the past decade (e.g., Breitburg 2002 , Wu 2002 , Domenici et al. 2007 . Rather than setting a specific number to classify waters as hypoxic (common definitions are <2 mg liter −1 or <2 ml liter −1 ), we define hypoxia mechanistically as oxygen concentrations that are sufficiently reduced that they affect the growth, reproduction, or survival of exposed animals, or result in avoidance behaviors. Some analyses we describe require the use of particular numerical criteria, which we provide where necessary.
NITROGEN ENRICHMENT AND HYPOXIA
Much of the scientific interest and management concern about hypoxia in estuaries and semienclosed seas includes a focus on the general problem of eutrophication caused by the overenrichment of coastal waters with anthropogenically generated nutrients. Hypoxia and anthropogenic nutrient enrichment have been identified as two critical and increasing threats to coastal waters (NRC 2000 , Jeftic et al. 2006 , Diaz & Rosenberg 2008 . The link between nutrient enrichment (typically N in marine systems; Howarth & Marino 2006) and hypoxia is particularly important because in cases where a direct cause-and-effect relationship exists, management actions can most effectively improve water quality. However, the susceptibility of estuaries and semienclosed seas toward the development of hypoxia and the spatial extent of hypoxia are strongly influenced by physical characteristics such as circulation, density stratification, and flushing rates (Druon et al. 2004 , Gilbert et al. 2005 .
Not all systems that receive high nutrient inputs develop extensive hypoxia, and not all systems with extensive or severe hypoxia have particularly high loadings of anthropogenically generated nutrients. Our comparison of nutrient loadings, physical characteristics, and hypoxia in 30 estuaries and semienclosed seas in Europe, North America, Australia, and Asia found no relationship between either basin N loadings (watershed, point source, and direct atmospheric deposition; measured as kg N km −2 surface area year Comparison of N loadings and hypoxic extent in (a) 30 estuaries and semienclosed seas in and near Europe, North America, Australia, and Asia, and (b) the 20 systems for which we had estimates of total N loadings (basin plus downstream). Systems with high N loading rates did not have more extensive hypoxia (R 2 < 0.06 and P > 0.30 for linear and nonlinear regression models tested for both basin N and total N loadings).
e.g., due to tidal transport or upwelling) and the spatial extent of hypoxia (defined here as the maximum percent of bottom area with <3 mg DO liter −1 ; Figure 2 ). Shallow, well mixed estuaries such as Delaware Bay, Galveston Bay, and the Macleay River Estuary do not tend to develop hypoxia except in marginal shallows or during severe floods in spite of high N loading rates. In contrast, year-round density stratification and low flushing rates result in extensive and seasonally persistent hypoxia and anoxia in deep basins of systems such as the Black and Baltic Seas in spite of relatively low N loading.
Within many systems, however, especially those characterized by seasonally occurring hypoxia, the severity, spatial extent, and duration of hypoxia do tend to be sensitive to the magnitude of nutrient and carbon enrichment (NRC 2000) . These nutrient-sensitive hypoxic regions also include shallow portions of systems with permanently hypoxic deep basins (e.g., Mee 2006). Loss of highly oxygenated habitat is reached when the system becomes aerobically saturated with organic matter and the resultant rise in microbial metabolism consumes DO (NRC 2000) . In deeper water bodies, seasonal density stratification prevents reaeration of bottom water layers. In shallow calm waters, diel cycling oxygen concentrations with night and early morning hypoxia result from the combination of microbial decomposition and nighttime respiration, especially by unicellular algae and macrophytes.
Increasing use of chemical fertilizers has been accompanied by an increase in the number of systems reporting hypoxia worldwide (Diaz & Rosenberg 2008) . DO concentrations have improved in some systems now receiving reduced nutrient loadings either through planned management actions or because of socioeconomic disruptions. Implementation of primary sewage treatment, which removes organic matter but typically has only modest effects on N loadings, has resulted in marked improvements in DO concentrations, especially in waters directly downstream of discharges in many systems, including the Thames (Araújo et al. 2000) , Delaware River (Weisberg et al. 1996) , Hudson River (Brosnan & O'Shea 1996) , Elbe Estuary (Thiel et al. 1995) , and East River (Parker & O'Reilly 1991) . Reductions in nutrient inputs due to the loss of fertilizer subsidies from the former Soviet Union and declining agricultural output starting in 1989 led to the elimination of hypoxia on the northwestern shelf of the Black Sea by 1995 (Mee 2006) . Similarly, water quality in Tokyo Bay improved in the 1940s after the collapse of the Japanese economy (Kodama et al. 2002 (Kodama et al. , 2006 .
EFFECTS AT THE LOCAL SCALE: WITHIN OR NEAR THE OXYGEN-DEPLETED WATER MASS
Hypoxia creates physiologically relevant physical structure in the water column and alters the estuarine landscape by creating a spatial mosaic of habitats that vary in physiological suitability, prey abundance, prey vulnerability, and predator threat (Figure 1) . Hypoxia fundamentally affects the use of space and movement through the system by altering migration pathways and transport. Hypoxia also alters spatial patterns of human use by influencing the spatial distribution and removal of fisheries resources (Selberg et al. 2001) . Most negative effects tend to occur locally, within the region of the water body in which oxygen concentrations are reduced, but may have much wider ranging consequences mediated through the indirect effects of altered distributions and abundances. Note that referring to these effects as local does not imply that they always occur at very small spatial scales, only that we are not considering the broader, nutrient-enriched but more highly oxygenated waters within the larger system. For example, local-scale analyses would consider the portion of the Delaware River Estuary that was severely hypoxic during the early 1900s as a result of raw sewage from the city of Philadelphia (Albert 1988) , whereas large-scale analyses would consider the Delaware River Estuary as part of the greater Delaware Bay system (Figure 1) .
Fish kills are the most dramatic manifestation of low DO concentrations, and result from a combination of severe physical conditions and the failure of mobile animals to avoid or escape lethal conditions. The frequency and magnitude of fish kills have increased as nutrient-related hypoxia has worsened. Hypoxia-related kills that involve thousands to millions of finfish and crustaceans have been reported from systems as diverse as the Mariager Fjord in Norway, the Neuse River, a coastal plain estuary in North Carolina, and the subtropical Richmond River Estuary in New South Wales (Fallesen et al. 2000 , NCDWQ 2006 , Walsh et al. 2004 ). In U.S. waters, menhaden (Brevoortia tyrannus and B. patronus) kills feature prominently in records. These fish possess swim bladders, float where they are readily seen by the public, and travel in large schools, so kills often affect large numbers of individuals. Some menhaden kills are thought to occur when fish escaping predators concentrate in shallow embayments where their respiration reduces oxygen concentrations to lethal levels (Sklar & Browder 1998 , Wannamaker & Rice 2000 . Large fish kills in some systems, including the Macleay and Richmond River Estuaries in New South Wales, result from episodic floods that simultaneously lead to extensive hypoxia and rapid salinity declines (Walsh et al. 2004 ). In such cases, rapid response by management agencies in the form of fisheries closures in affected estuaries and nearby coastal areas can permit rapid recolonization and recovery of the systems (Steffe et al. 2007) .
Hypoxia also causes substantial mortality of developing embryos that is less visible to the public and management than the kills that involve adult and juvenile fishes. Egg/embryo mortality can be thought of as lost production potential of a population. Developing embryos are particularly sensitive because they lack the ability to behaviorally respond to low oxygen and because oxygen must diffuse across the chorion that encases the embryo (Rombough & Randall 1988) . Fish embryos typically have narrower temperature tolerances than other life stages (Rombough 1997) . Individuals near the upper limits of temperature tolerances require higher oxygen concentrations (Rombough 1997) , and may therefore be more likely to suffer hypoxia-related deformities (Breitburg 1992 , Shang & Wu 2004 or mortality. In Chesapeake Bay, DO criteria are based on oxygen requirements of bay anchovy (Anchoa mitchilli) eggs because these eggs sink into hypoxic bottom waters in the weakly stratified tributaries (Keister et al. 2000 , US-EPA 2003 . In the Baltic, interannual variation in recruitment of Baltic cod (Gadus morhua) has been attributed to interannual variation in the depth of the hypoxic/anoxic bottom layer into which cod eggs sink during their prolonged www.annualreviews.org • Hypoxia, Nitrogen, and Fisheriesdevelopment (Cardinale & Modin 1999 , Köster et al. 2005 . However, fisheries exploitation can strongly affect the relationship between hypoxia and embryo mortality by selectively removing large females who produce more buoyant eggs than smaller females (Nissling et al. 1994 , Vallin & Nissling 2000 . Exposure of embryos to hypoxia prior to hatching can also decrease swimming speeds and increase predation posthatch mortality (Roussel 2007) . Susceptibility to hypoxia in larval fishes may be particularly high around the time of metamorphosis, when oxygen consumption peaks (Ishibashi et al. 2005) .
Post-embryonic life stages of nearly all mobile species that have been tested to date and that were drawn from populations that experience hypoxia exhibit behavioral avoidance of oxygen concentrations well above those found to be lethal. In general, fish tend to avoid oxygen concentrations similar to those found to reduce growth rates in laboratory experiments (Breitburg 2002) . However, realized responses in the field may not perfectly match those required to prevent mortality and reductions in growth. Rapid declines in DO associated with upwelling of hypoxic bottom waters can impose a trade-off between risk of initiating an escape when DO is still high and predators are active, and the risk of remaining in place as DO declines (Breitburg 1992 ). In addition, there are energetic costs and limits to precise responses to the spatial and temporal complexity of diel cycling and tidally mediated patterns of low oxygen (Tyler & Targett 2007) . Mechanisms required to orient toward normoxic water are also imperfect. For example, although crustacean oxygen sensors are bilaterally paired, water is sensed only after it is drawn into the branchial chamber, which presumably disrupts the directional gradient (Bell et al. 2003) . Some fish that are extremely tolerant of hypoxia also may attempt to wait out hypoxic events instead of fleeing. In laboratory experiments, eelpout (Zoarces viviparous) held at 0 mg liter −1 exhibited no escape behavior and survived for 60 minutes (Fischer et al. 1990) .
Over the past decade, there has been a growing appreciation of the consequences of chronic exposure to mild-to-moderate hypoxia that is either not avoided or ineffectively avoided. For species that utilize shallow waters with diel cycling hypoxia or chronically low but only moderately severe oxygen depletion, effects range from reduced growth and the energetic costs of constant migration in response to fluctuating DO concentrations (Perez-Dominguez et al. 2006 , Stierhoff et al. 2006 to impaired reproduction and immune function (Thomas et al. 2007 , Landry et al. 2007 ). Field and laboratory evidence indicates that some fish species undergo physiological responses to prolonged exposure to nonlethal hypoxia that enable them to at least partially acclimate to hypoxic conditions, including shifts in hemoglobin isomorphs (Tun & Houston 1986 ) and changes in hemoglobin concentration (Petersen & Petersen 1990 ). But oscillating DO, such as that found in shallow systems with diel fluctuations in DO concentrations, may prevent physiological acclimation to hypoxia (Taylor & Miller 2001) .
Exposure to mild-to-moderate hypoxia that is not avoided can lead to reproductive impairment, immunosuppression, and increased pathogen-related mortality. Field exposure to hypoxia reduces oocyte maturation and sperm production of Atlantic croaker (Micropogonias undulatus), probably by decreasing production of hormones involved in stimulation of the reproductive neuroendocrine system (Thomas et al. 2007 ). Experimental work with Gulf killifish (Fundulus grandis) suggests that hypoxia may delay vitellogenin uptake by oocytes and reduce 11-ketotestosterone in males (Landry et al. 2007) . Experiments with the freshwater zebrafish (Danio rerio) also indicate that hypoxia can affect sex differentiation (Shane et al. 2006) .
Shrimp and crabs experimentally exposed to hypoxia and pathogens suffer increased susceptibility to disease and mortality from bacterial infections as a result of depressed immune function (Le Moullac et al. 1998 , Holman et al. 2004 , Burgents et al. 2005 , Tanner et al. 2006 . In fish, even short-term exposure to hypoxia (0.5-96 h) can reduce bactericidal activity, antibody levels, and production of disease-fighting reactive oxygen species, although some of these effects may be reversible upon restoration of normoxic conditions (Valenzuela et al. 2005 , Choi et al. 2007 , Welker et al. 2007 . Laboratory experiments have indicated that hypoxia can increase papillomatosis tumors in roach Rutilus rutilus (Korkea-aho et al. 2008) . Field evidence also suggests that outbreaks of mycobacteriosis in Chesapeake Bay striped bass (Morone saxatilis) and papillomatosis in North Sea dab (Limanda limanda) may be related to low DO (Mellergaard & Nielsen 1997 , Vogelbein et al. 1999 .
It is important to consider that habitats avoided are functionally lost from the system (Breitburg 2002 , Rabalais & Turner 2001 , Sagasti et al. 2001 . As a result, habitat loss due to hypoxia is far greater than would be estimated by calculations based on species recruitment or survival tolerances. Because species vary in their oxygen requirements, sensitive predators can lose access to prey (Breitburg et al. 1997 , Nestlerode & Diaz 1998 . Crowding in more highly oxygenated refuges can result in density-dependent growth reductions (Eby & Crowder 2002) or increased cannibalism (Aumann et al. 2006) . Because hypoxia can make deeper, cooler waters unavailable in the summer, or overlaps with nursery habitat, the combined effects of temperature and oxygen can result in habitat compression or squeeze that affects both pelagic and demersal species (Coutant 1985 , Niklitschek & Secor 2005 , Pearce & Balcom 2005 .
Effects of climate change on hypoxia-related mortality may be an increasingly important issue, not only because hypoxia in many systems is predicted to increase (Justic et al. 2003 , Boesch et al. 2007 ), but also because of the effect of temperature on metabolism and therefore on oxygen requirements. Fish tend to be less tolerant of hypoxia and need higher oxygen concentrations to meet baseline metabolic requirements at higher temperatures compared with lower temperatures (Schurmann & Steffensen 1992 , Secor & Gunderson 1998 , Shimps et al. 2005 . Recent experiments indicate a genetic basis for the relationship between temperature and hypoxia tolerance through the effect of temperature on HIF-1 (hypoxia inducible factor-1), the primary regulator of gene expression in response to hypoxia (Rissanen et al. 2006) .
Hypoxia can affect all aspects of trophic interactions including encounter rates, susceptibility to predators, the ability to capture prey, and the importance of different trophic pathways (Breitburg et al. 1997 , Baird et al. 2004 , Craig & Crowder 2005 , Seitz et al. 2003 reviewed in Breitburg 2002 , Domenici et al. 2007 ). The spatial patterning of oxygen concentrations within any affected system can lead to spatial variability in the effect of hypoxia on trophic interactions across the estuarine landscape. Hypoxia can reduce responsiveness to threat stimuli, and, to a lesser extent, locomotory components of escape responses (e.g., Nestlerode & Diaz 1998 , Lefrançois et al. 2005 , induce use of aquatic surface respiration, which increases vulnerability to predatory birds (e.g., Poulin et al. 1987) , and affect interfish spacing and coordination of swimming within fish schools (Domenici et al. 2002) . Benthic prey may leave burrows and exhibit reduced escape responses to predator threat (Tyson & Pearson 1991) . Consumers constrained to hypoxia-degraded habitat may shift to poorer quality prey (Powers et al. 2005 ). Avoidance of low oxygen can also increase energetic costs and decrease growth by extending required foraging time for species whose prey can utilize hypoxic water from which they are largely excluded (Taylor et al. 2007 ).
Effects of hypoxia on predator-prey interactions may be especially important where strongly divergent taxa, such as gelatinous zooplankton and teleost fishes, occupy similar trophic positions but vary considerably in their tolerance to low DO concentrations (Breitburg et al. 2003) . In Chesapeake Bay, for example, the ctenophore Mnemiopsis leidyi, and bay anchovy (Anchoa mitchilli) are both important consumers of zooplankton, but the ctenophore can survive continuous exposure to 0.5 mg/L DO for >4 days, whereas bay anchovy requires substantially higher oxygen concentrations. Most studies have found that moderate levels of hypoxia lower predation rates by piscivorous fishes, but either increase (Breitburg et al. 1997 , Shoji et al. 2005 or have no effect on (Kolesar 2006 ) predation on fish larvae by hypoxia-tolerant gelatinous zooplankton.
SCALING UP: POPULATIONS AND FISHERIES
Predicting effects of hypoxia on populations and fisheries landings of mobile species is particularly challenging because behavioral responses of both mobile species and fishers influence ultimate effects when viewed at systemwide spatial scales, and many systems with extensive hypoxia support large and valuable fisheries. Because both overfishing and nutrient overenrichment are related to population density, these stressors tend to co-occur. Literature ranging from qualitative descriptions to quantitative survey or fisheries data suggests four fairly well-substantiated categories in which hypoxia causes or contributes to declines in species or overall biomass of fishes and mobile macroinvertebrates: (a) blockages of migratory species caused by release of raw sewage, especially in tidal riverine portions of estuaries, (b) extensive hypoxia that affects a very large percentage of bottom area, (c) combinations of hypoxia and other stressors, and (d ) elimination of specifically required habitat.
Probably the clearest cases of hypoxia-related population and fisheries declines in estuaries and semienclosed seas involve systems in which discharges of raw sewage have caused severe oxygen depletion in tidal river portions of estuaries. The location and seasonal persistence of hypoxia caused by large discharges of raw sewage with high biological oxygen demand appears to be particularly damaging, especially to the completion of life cycles of anadromous and catadromous species that require use of, and transit through, both saline and freshwater portions of estuarine systems. Large stretches of river estuaries such as the Mersey, Thames, and Elbe have been described as devoid of fish prior to implementation of primary sewage treatment (Jones 2006 , Tinsley 1998 , Thiel et al. 1995 . These hypoxic zones have blocked upriver spawning migrations or downriver outmigrations of species such as American shad (Alosa sapidissima) in the Delaware River Estuary (Weisberg et al. 1996 , Albert 1988 ; sea trout (Salmo trutta) in the Mersey (Jones 2006); and sturgeon (Acipenser sturio), Atlantic salmon (Salmo salar), allis shad (Alsoa alosa), twait shad (Alosa fallaxx fallax) sea lamprey (Petromyzon marinus), and European eel (Anguilla anguilla) in the Scheldt (Maes et al. 2007) , resulting in population declines or local extirpations.
There is also persuasive evidence of system-wide declines in fisheries landings (particularly in landings of crustaceans; D.W. Hondorp, D.L. Breitburg & L.A. Davias, manuscript submitted) and abundances of sensitive species in systems with very high percentages of bottom hypoxia (see section on Large Scale Effects, below). For example, abundances of demersal fish and crustaceans, including mantis shrimp (Oratosquilla oratoria), have declined in Tokyo Bay, where up to two-thirds of the bottom becomes hypoxic during summer (Kodama et al. 2002 (Kodama et al. , 2006 . Hypoxia also appears to contribute to systemwide population or fisheries declines in combination with pathogens (e.g., American lobster Homarus americanus in Long Island Sound; Pearce & Balcom 2005) and other effects of eutrophication (e.g., plaice recruitment in the Kattegat; Pihl et al. 2005) , particularly where the co-occurring or interacting stressors affect organisms in highly oxygenated areas that would otherwise serve as refuges from hypoxia.
A few examples suggest that degradation of particularly critical habitat can affect recruitment or fisheries landings. One of the better known examples is the interannual variation in egg mortality and fisheries landings of Baltic cod in the Baltic Sea discussed above (Nissling & Vallin 1996 , Köster et al. 2005 ). In the Western Atlantic, hypoxia appears to contribute to low per capita productivity and slow recovery of cod stocks in the Gulf of St. Lawrence (Dutil et al. 2007) . Along the Texas shelf of the Gulf of Mexico, interannual variation in landings of brown shrimp (Farfantepenaeus aztecus) is negatively correlated with size of the hypoxic zone (O'Connor & Whitall 2007) . However, Texas fisheries regulations may contribute to the apparent strength of this correlation; fishing is prohibited on the inner shelf refuge from hypoxia during much of the season when northern Gulf of Mexico hypoxia is most extensive.
LARGE SCALE EFFECTS: A CROSS-SYSTEM COMPARISON OF FISHERIES
Do estuaries and semienclosed seas with hypoxia have lower or altered composition of fisheries landings relative to other systems? What is the relationship between the spatial extent and severity of hypoxia and fisheries landings? Are local-scale effects of hypoxia reflected in the magnitude, composition, or value of fisheries landings? In spite of a rich literature that demonstrates effects of hypoxia on physiological processes, mortality, behavior and food web interactions at the local scale, and strong effects on fisheries landings within the parts of systems most severely affected by hypoxia, clear evidence of population-level and system-wide negative effects on mobile living resources is still quite limited.
We examined the relationships among landings of finfish and mobile macroinvertebrates, the spatial extent of hypoxia, and N loadings in estuaries and semienclosed seas in Europe, North America, Australia, and Asia to address the following questions:
1. What is the relationship between fisheries landings and N loadings? The agricultural model suggests that fisheries landings increase with increasing primary production, which responds in turn to increased levels of N enrichment (e.g., Nixon & Buckley 2002). 2. Does hypoxia reduce fisheries landings below levels predicted by N loadings? Reduced habitat due to oxygen depletion, as well as density-or temperature-dependent reductions in growth or increases in mortality in oxygenated refuge habitats, could lead to decreased fisheries landings. 3. Do fisheries landings reflect a hypoxia-caused decrease in the efficiency of production of fishable biomass (e.g., Baird et al. 2004 )? 4. Do high N loadings or the spatial extent of hypoxia alter the composition of fisheries landings? Conceptual and statistical models suggest that the ratio of pelagic planktivores to demersal species in landings should increase with increasing eutrophication because planktivores are more able to access enhanced prey production without experiencing the negative effects of hypoxia on lower water column and benthic habitat (Caddy 1993 (Caddy , 2000 de Leiva Moreno et al. 2000) . 5. Does hypoxia or high N loadings lead to declining trends in fisheries landings? Hypoxia increases susceptibility to fisheries practices adapted to the spatial patterns of oxygen-depleted and refuge habitat. Fishers worldwide take advantage of spatial distributions of target species caused by hypoxia (e.g., Selberg et al. 2001 , Craig & Crowder 2005 ; J. Shoji, personal communication), potentially increasing the efficiency of fisheries and increasing the likelihood of overfishing. In addition, the cumulative effects of habitat degradation could result in declining trends in species abundances not evident in multiyear averages.
Our analysis differs from previous cross-system comparisons (e.g., Caddy 2000 , de Leiva Moreno et al. 2000 , Nixon & Buckley 2002 by explicitly examining the link between landings, N loadings, and hypoxia in temperate and subtropical estuaries and semienclosed seas along four continents, and by focusing on mobile species. N tends to be the primary driver of eutrophication in marine systems, and is the direct target of environmental regulations and management strategies designed to reduce hypoxia. We focus on mobile species because of their potential ability to avoid physiologically stressful or lethal DO concentrations and because bivalve fisheries worldwide are typically supplemented or sustained with hatchery production. We considered both the spatial extent of bottom with oxygen concentrations below 3 mg liter −1 (a measure of the percent of habitat lost or degraded) and the severity of hypoxia to capture potential qualitative differences between systems that had similar spatial extents of hypoxia, but differed in seasonal persistence, minimum oxygen concentrations, or susceptibility to occasional floods that cause hypoxia. To the extent possible, we exclude aquaculture from our landings estimates, because aquaculture may be less reflective of system-wide nutrient enrichment and habitat quality than wild fisheries. We emphasize that we are specifically asking about the relationship between hypoxia and fisheries in this analysisfisheries may or may not reflect patterns of actual abundances, and both landings and catch per unit effort data can be strongly influenced by fishing regulations and practices, economics, and culture.
Our database focuses on 1990-2004 and includes 30 estuaries and semienclosed seas for which we were able to obtain commercial landings data, recreational fishing data, the spatial extent of hypoxia, and basin N loadings (i.e., N flux from upstream connected systems, the watershed, point sources, and direct atmospheric deposition). We also considered total N loadings (basin plus downstream) for the 20 systems for which estimates of downstream boundary N flux was available. Our database includes N loadings and fisheries landings information from sources that range from individual state fisheries department records to published N flux models to FAO databases, and was dependent on the generous help of the many people and agencies listed in the Supplemental Material. (Follow the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org.) Systems ranged in size from the 7 km 2 Bellinger Estuary in southeastern Australia to the 775,065 km 2 East China Sea, and from 0% to 77% of bottom area affected by hypoxia. All statistical analyses and descriptions of the form of the relationships among landings, N loadings, and hypoxia refer to log-transformed landings and loadings data normalized to the system surface area. In cases where it affected results, we did analyses with and without the six Australian estuaries in our database because we did not have downstream N flux data for any of these estuaries, and because these estuaries are substantially smaller than other systems in our database. To describe the general form of the relationship among variables in our dataset, we used Akaike's Information Criteria (AIC) to select among linear, asymptotic, and peaked functions that yielded similar R 2 values. We used SigmaPlot (v10, Systat Software Inc.) for curve-fitting, and SAS (v9.1, SAS Institute) for other statistical analyses. System descriptions and details on data sources and analyses are available in the Supplemental Material.
Total landings of finfish and mobile macroinvertebrates increased with increasing basin N loadings to an annual rate of approximately 14 mt N km −2 year −1 , the point in our dataset represented by Chesapeake Bay (Figure 3a) . A sigmoidal function provided the best fit to describe the relationship between fisheries landings and basin N loadings for the entire dataset, whereas a peaked curve provided a better fit if the Australian systems were omitted from the analysis (Figure 3a) . Four-parameter sigmoidal and peaked functions provided similar fits for fisheries landings versus total N (Figure 3b ). Sigmoidal and peaked functions make different predictions for the potential effects of nutrient management on fisheries landings if within-system temporal trajectories tend to follow the same relationship between nutrient enrichment and fisheries landings as predicted by among-system comparisons (Nixon & Buckley 2002) . A sigmoidal relationship suggests that for a wide range of N loading rates, N and potentially negative consequences of eutrophication such as high chlorophyll a and turbidity could be reduced without negatively affecting total fisheries landings, but that no level of nutrient reductions will increase landings. A peaked curve implies that for systems with the highest levels of nutrient loadings, a reduction in N loadings may increase landings, but that for other systems a reduction in N would likely reduce total landings. Interestingly, some of the systems on the downward slope of the peak that may benefit from reduced N loadings do not have extensive hypoxia.
Analysis of residuals from the best-fit sigmoidal and Gaussian functions indicated that the relationship between N loadings and fisheries landings was not significantly affected by the spatial extent of hypoxia, or whether systems had minimal (<1% hypoxia), episodic, seasonal, or persistent hypoxia (regressions between residuals and the spatial extent of hypoxia: P > 0.34 for all comparisons; 1-way ANOVA on residuals versus hypoxia severity category: P > 0.50 for all comparisons). Systems included in our analysis ranged from 0% to 77% bottom hypoxia. Seven of the ten non-Australian systems with the highest landings km −2 had seasonal or persistent hypoxia that affected 13% or more of the bottom area. Both N loadings and landings km −2 were similar for pairs of systems such as the Azov and Gulf of Bothnia, and the Neuse River Estuary and Delaware Bay, that differed greatly in the spatial extent of hypoxia (40% versus ∼0%, and 39% versus ∼0% bottom area hypoxic or anoxic, respectively; Figure 3 ). All five systems with ≥40% hypoxia had fisheries landings lower than predicted by basin N loadings, but this was not true for landings predicted for total N loadings.
Fisheries landings per unit N load were not significantly correlated with the spatial extent of hypoxia (P > 0.05 with Australian systems included, P > 0.75 without Australian systems). Seven of the ten systems with the highest fisheries landings per unit N loading had seasonal or persistent hypoxia, but the six systems with highest landings per unit N load all had <20% bottom area hypoxia (Figure 4) . The same characteristics may predispose systems to both high fisheries landings and seasonal hypoxia: retention times sufficiently long to allow excess phytoplankton production to be retained in the system or be transmitted to upper trophic levels, and water columns sufficiently deep to allow bottom layer hypoxia to develop and moderate-to-large-sized fishing vessels to operate.
Comparisons of landings of pelagic planktivores, benthopelagics (bottom-oriented but do not typically perch on the sediment), and benthic species (species without swim bladders or those that inhabit burrows, i.e., species most strongly dependent on benthic habitat) with N loadings and hypoxia extent only partially supported the assumptions underlying models that predict shifts in Fisheries landings per unit nitrogen loading relative to the spatial extent of hypoxia. Small, shallow estuaries such as the Australian systems (red ) had low landings relative to N loadings, but there was no relationship between hypoxia and the ratio of landings to N among other systems. Both normoxic systems and the two systems with the greatest spatial extent of hypoxia and anoxia had low fisheries yields. Percent hypoxia in Australian systems is slightly offset in graph (plotted as 1.5 instead of 0.0) so that data from other systems are not obscured; Australian fisheries data are for nonflood years.
pelagic:demersal ratios (Figure 5) . Landings of mobile benthic species increased with increasing N loading and tended to decrease with increasing hypoxia. Five of the eight systems in the complete dataset with the lowest benthic landings have ≥40% bottom area hypoxia, and this group includes all four systems with either year-round oxygen depletion in deep basins or extensive anoxia (the Baltic, Black, Marmara, and Azov). The pattern of low benthic landings in systems with extensive hypoxia was not statistically significant, however, unless the Gulf of Bothnia, which has no hypoxia and a fishery almost entirely comprised of herring, is removed from the analysis. Landings of benthic species tended to be higher than landings of pelagics at high N loadings, and highest landings of both benthics and pelagics occurred in systems with seasonal hypoxia. A decline in landings of pelagics at N loading rates above approximately 10 4 kg N km −2 year −1 appears to reflect fisheries regulations and practices that preclude the use of industrial-scale purse seining (e.g., Delaware Bay, Galveston Bay). Landings of pelagics were not significantly related to the spatial extent of hypoxia. Landings of benthopelagics (which include important fisheries species such as cod) increased with increasing N loads and showed no significant relationship to the spatial extent of hypoxia.
Our data also do not provide support for negative effects of hypoxia on temporal trends in landings, at least over the relatively short period of time included in our analysis. We used simple linear regressions of standardized landings ([x-mean]/sd) to assess temporal trends in landings during the period 1990-2004, and compared the slope of the regressions with the spatial extent of hypoxia in each system. Landings of demersals and all species combined declined in the majority of systems, but neither the likelihood of declining nor the severity of decline increased with increasing spatial extent of hypoxia or basin N loadings (Figure 6 ; all P > 0.25 for linear regressions). Inclusion of downstream boundary N flux to N loadings did not change our results. Declining landings in coastal systems worldwide are highlighted in a number of recent reviews (e.g., Jackson et al. 2001 , Lotze et al. 2006 .
TRANSLATING ACROSS SCALES: COMPENSATORY MECHANISMS
Eutrophication in general, and hypoxia specifically, can negatively affect estuaries and similar habitats. Hypoxia can strongly alter food webs, fisheries landings, and the abundance of species Comparison of landings of small-to-medium sized pelagics (mostly planktivores), benthodemersals (species that utilize near-bottom habitat or feed on benthic prey but are not entirely dependent on the benthos), and benthic species (species that lack swimbladders or those that reside in burrows) with basin N loadings and percent bottom hypoxia. Twenty-four European, North American, and Asian systems are included; species composition data for Australian estuaries are not in this dataset. Regressions [best fit of significant linear, polynomial, or asymptotic relationships based on Akaike's Information Criteria (AICc) comparisons] are shown. (a) N loads: Pelagic planktivores: y = −14.87+9.92x − 1.36x 2 , R 2 = 0.28, P = 0.03; Benthopelagics: y = −10.44 + 6.15x − 0.72 × 2 , R 2 = 0.33, P = 0.02; Benthics: y = −6.83 + 3.60x − 0.29x 2 , R 2 = 0.40, P = 0.004. (b) Hypoxia: All P 0.05, but a significant pattern of lower benthic landings with increasing spatial extent of hypoxia is found if the Gulf of Bothnia (lower left point), which is almost entirely a herring fishery, is deleted (y = 3.11 − 0.02x; R 2 = 0.28, P = 0.01). Analyses using total N loadings yielded similar results.
on the local scale, and can negatively affect survival, growth, and reproduction of individuals exposed to physiologically stressful oxygen concentrations (Diaz 2001 , Breitburg 2002 , Gray et al. 2002 , Wu et al. 2003 . Other associated negative effects of eutrophication, including the loss of submerged macrophytes and development of harmful algal blooms (HABs), further reduce habitat extent and suitability (Deegan 2002 , Duarte 2002 , Cloern 2001 ). Yet our analysis of fisheries landings indicated little relationship between the spatial extent or severity of hypoxia and wholesystem fisheries landings, and our literature review revealed few unequivocal cases of populationlevel or whole-system hypoxia-related fisheries declines not associated with discharge of raw sewage.
Compensatory mechanisms may limit the translation of local effects of hypoxia, and negative effects of high N loadings in general, to systemwide reductions in fisheries landings. First, both mobile species and fishers can potentially distribute themselves spatially to avoid oxygen-depleted habitats and utilize prey-enriched habitats (Selberg et al. 2001 , Breitburg 2002 , Eby & Crowder 2004 . As a result, declines in diversity and biomass at the patch scale may not be reflected in a negative relationship with hypoxia at the scale of the whole system. The degree of prey enrichment, however, is a function of how nonhypoxic portions of the ecosystem respond to N loading. In the Neither the spatial extent of hypoxia nor basin N loadings were significantly related to standardized trends in landings [slopes of linear regressions of (X-mean)/SD] of (a,b) all fish and mobile macroinvertebrates or (c) demersal species. The analyses included data from the 21 systems in North America, Europe, and Asia for which we could acquire at least nine years of estimates of recreational catches, commercial landings, and species composition for consistent geographic boundaries.
Baltic Sea, for example, the macrobenthic biomass in shallow areas above the halocline increased 3 to 5 times between 1920 and 1976-a positive effect of N loadings that likely offsets biomass lost to persistent hypoxia below the halocline (Elmgren 1989) . High fishing pressure in habitats that serve as a refuge from hypoxia could increase fishing mortality and increase the susceptibility of stocks to overfishing. However, we found no relationship between hypoxia and trends in landings in our dataset. Second, fishing practices may prevent the expression or detection of negative effects of hypoxia on fisheries landings by constraining populations to levels below habitat-determined carrying capacities. Fishing pressure strongly affects population sizes of target species even in cases where stocks are not considered technically overfished. Population sizes that generate maximum sustainable yields are frequently used as management targets, and species with populations at predicted maximum sustainable yields are not typically considered to be overfished (Hilborn 2007) . Population sizes that generate maximum sustainable yields are, by definition, lower than carrying capacities. Where the spatial extent of suitable habitat is not the primary factor controlling population size, the loss of habitat may typically have little effect on population levels. Regulatory reductions in fishing mortality that allow populations to more closely approach habitat-determined carrying capacities may facilitate the expression of hypoxia-related habitat loss effects on landings.
Third, decreased water transparency associated with high nutrient loads may act as a diffuse refuge from predation that compensates for the loss of the more localized, but highly effective refuge provided by submerged macrophytes. Because piscivores have longer reactive distances than planktivores or benthivores, their feeding will be compromised by nutrient-related turbidity that limits visual feeding (Utne-Palm 2002 , De Robertis et al. 2003 . Although both the preferential use of submerged macrophytes and their importance as a refuge for small and juvenile prey species in estuaries has been clearly demonstrated (Deegan 2002) , systemwide declines in species that utilize macrophytes as nursery habitat have been difficult to identify. We suggest that nutrient enrichment that results in epiphyte growth and light limitation, and reduces macrophyte populations, may provide a less effective but more widespread refuge from predation for these same prey species.
HABITAT DEGRADATION AND THE IMPORTANCE OF MANAGEMENT ACTION
Eutrophication is a high-priority concern for environmental and fisheries management because it clearly results in severe habitat degradation and local (i.e., within and near hypoxic regions) reductions in the production, diversity, and abundance of fish and invertebrates. Local is not synonymous with unimportant; historical data that may reflect current conditions in systems that receive effluent from highly populated areas without primary sewage treatment illustrate the potential for substantial economic and social costs of hypoxia-induced fishery collapses. Although 80-90% of sewage in Western Europe receives at least primary treatment, in Latin America, East and Southern Asia, and West and Central Africa, 80% or more of wastewater is discharged untreated (Jeftic et al. 2006 ). In addition, the destruction and disruption of ecological systems and services within hypoxic areas is an important concern in its own right. Without an intentional decision-making process to do so, we have turned our coastal waters into overfertilized agricultural systems. Unlike on land, sharp boundaries between fertilized and unfertilized plots cannot be drawn to preserve the diversity and services of less enriched, more highly oxygenated ecosystems.
Nevertheless, our analysis indicates that in many, perhaps most, temperate and subtropical estuaries and semienclosed seas, hypoxia is not likely to be the most important factor limiting landings of finfish and mobile macroinvertebrates. Local habitats and particularly susceptible species may benefit from nutrient reductions sufficient to reduce or eliminate hypoxia, but in general, systemwide fisheries are not likely to increase as nutrients are reduced. An overestimate of hypoxia effects on fisheries risks drawing attention away from critical stressors that are the proximate causes of declines in exploited populations.
SUMMARY POINTS
1. Hypoxia is a widespread and increasing environmental problem that is caused by a combination of anthropogenic nutrient enrichment and physical characteristics of systems. Nitrogen loadings and the spatial extent of hypoxia were not, however, correlated in a comparison of 30 estuaries and semienclosed seas.
2. Hypoxia has clear consequences for individual fish and mobile shellfish, as well as for food webs and fisheries at the local scale, i.e., in areas immediately affected by oxygen-depleted water.
3. Recent research has demonstrated the importance of chronic exposure to moderate levels of hypoxia and of fluctuating oxygen concentrations to immune function, reproduction, and growth.
4. The strongest evidence for negative effects of hypoxia at the scale of populations and fisheries comes from riverine portions of estuaries that receive raw sewage, systems with a very high percentage of hypoxic habitat, and cases where interacting stressors or loss of critical habitat affect particular species.
5. Analyses of N, hypoxia, and fisheries landings in 30 estuaries and semienclosed seas suggest that hypoxia does not generally reduce fisheries landings below what would be predicted by nitrogen loading rates. An exception is a possible decline in landings of benthic species in systems with ≥40% of bottom area hypoxic. Systems with seasonal hypoxia had high fisheries landings overall and high landings relative to N loading rates.
6. Several compensatory mechanisms-including the balance between enhanced production and habitat loss, the potential for fishing mortality to keep populations below habitatdetermined carrying capacity, and the effect of nutrient-related turbidity on juvenile and forage fish survival-may limit the translation of effects of hypoxia demonstrated at the local scale to effects on systemwide populations or fisheries.
7. Translating effects of hypoxia across spatial scales will require better understanding of the compensatory mechanisms that influence hypoxia sensitivity at all levels of biological organization.
FUTURE ISSUES
Advances in predicting effects of hypoxia on the abundance of living resources, the sustainability of fisheries that target mobile species, and fishing communities, as well as developing appropriate management strategies, require that we:
1. Improve our understanding of compensatory mechanisms that modify the effects of nutrient-sensitive hypoxia on populations and fisheries at the whole-system scale, and determine whether the compensatory role of these mechanisms will continue to be protective as nutrient loadings are reduced.
2. Develop predictive conceptual and quantitative models that can consider the separate as well as combined effects of nutrient enrichment and hypoxia.
3. Quantify the economic and social costs of localized hypoxia.
4. Determine whether the effects of hypoxia on populations and fisheries are more severe in nations with developing economies, especially those in low latitudes where density stratification may persist year-round.
5. Develop improved fisheries management strategies that account for hypoxia in both spatial management and landings regulations.
6. Improve our understanding of how hypoxia alone and in combination with nutrient overenrichment and other stressors affects disease transmission and severity in the field.
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